Abstract. Glioma is known to induce local and systemic immunosuppression, which inhibits antitumor T cell responses. The galectin-9-Tim-3-pathway negatively regulates T cell pathways in the tumor immunosuppressive environment. The present study assessed the expression of Tim-3 and galectin-9 in glioma patients, and evaluated the association between the expression of Tim-3 and galectin-9 with clinical characteristics. The present study identified that Tim-3 expression was significantly increased in peripheral blood T cells of glioma patients compared with those of healthy controls, and was additionally increased on tumor-infiltrating T cells. The expression of Tim-3 on tumor-infiltrating T cells was associated with the World Health Organization (WHO) grade of glioma, but negatively correlated with the Karnofsky Performance Status score of the glioma patients. Immunohistochemical analysis revealed that the expression of galectin-9 in tumor tissues was associated with Tim-3 expression on tumor-infiltrating T cells and the WHO grade of glioma. These findings suggest that the galectin-9-Tim-3 pathway may be critical in the immunoevasion of glioma and may be a potent target for immunotherapy in glioma patients.
Introduction
Glioma is the most common type of primary malignant cerebral tumor and possesses a high cancer-associated mortality rate (1) .
Despite advances in surgical techniques, chemotherapy drugs and radiotherapy, the prognosis for glioma patients is poor (2) . Malignant tumors may form immunosuppressive environments to evade immunological attacks (3) . Programmed cell death protein-1 (PD-1) and its ligand programmed death-ligand 1 (PD-L1) have been widely studied as a crucial pathway in the creation of the tumor immunosuppressive microenvironment, which causes exhaustion or dysfunction of antitumor T lymphocytes. A blockade of this pathway by specific antibodies has resulted in impressive clinical responses in patients with solid tumors of various origins (4, 5) .
T cell immunoglobulin (Ig) and mucin-domain-containing molecule 3 (Tim-3) is an inhibitory receptor expressed on the surface of T cells and is critical for the inhibition of T cell responses against tumors (6) . Galectin-9 has been identified as a ligand for Tim-3, and the binding of galectin-9 to Tim-3 results in the apoptosis of T cells and a negative regulation of T cell immunity (7) . An in vivo study demonstrated that administration of Tim-3-Ig partly abrogated immune tolerance and reversed the suppressed function of immune cells in patients with chronic hepatitis B (8) . Numerous studies support that a blockade of the galectin-9-Tim-3 pathway may have the potential to restore the function of tumor-infiltrating lymphocytes in human cancer. Gliomas have been revealed to induce local and systemic immunosuppression that limits the immune defense towards the tumor by the upregulation of anti-inflammatory cytokines and expansion of immunosuppressive effector cells, including regulatory T cells. Gliomas may also express immunosuppressive ligands at the cell surface, such as PD-L1 and B7-H3, an immune checkpoint molecule (9, 10) . However, the expression of Tim-3 and galectin-9 in gliomas has not been well studied. The present study assessed the expression of Tim-3 on CD4 + and CD8 + T cells, and galectin-9 expression in tumor tissues of glioma patients. The significance of the expression of the galectin-9-Tim-3 pathway in gliomas was evaluated by analyzing the association between the expression of Tim-3 and galectin-9 and the clinical indices of glioma patients. Cell isolation. Tumor-infiltrating lymphocytes (TILs) were isolated from glioma patients, as previously described (12, 13) . Briefly, the fresh glioma tissues were minced with sterile scissors and digested with 0.1 mg/ml hyaluronidase (catalog no., H3506; Sigma-Aldrich, St Louis, MO, USA), 1 mg/ml collagenase IV (catalog no., 17104-019; Thermo Fisher Scientific, Inc., Waltham, MA, USA) and 0.01 mg/ml DNase I (catalog no., D5025; Sigma-Aldrich) in sterile phosphate-buffered saline (PBS; catalog no., P3563; Sigma-Aldrich) at 37˚C for 60 min. The resulting tissue suspension was filtered through a BD Falcon 100-µm cell strainer (BD Biosciences, Franklin Lakes, NJ, USA), and layered on 22% Percoll solution (catalog no., P1644; Sigma-Aldrich) in myelin buffer [produced according to a previously described protocol (12) ], which removed the myelin and cell debris following continuous centrifugation for 20 min at 950 x g. The pellet of cells was additionally isolated by continuous density gradient centrifugation with 25 and 75% Percoll solution for 25 min at 800 x g. The cells between the 2 layers of Percoll solution were collected, and they consisted of microglia, tumor infiltrated macrophages and lymphocytes. Peripheral blood mononuclear cells (PBMCs) were isolated from venous blood samples by continuous density Ficoll gradient (Tianjin Haoyang Biology Manufacture Co., Ltd., Tianjin, China) centrifugation for 20 min at 800 x g. The white layer between the plasma and the Ficoll solution was collected and washed with sterile PBS.
Materials and methods

Patient
Immunohistochemistry. Out of the 53 glioma tissues, only those that were large enough underwent immunohistochemical analysis. Therefore, a total of 40 glioma tissues and 5 non-cancerous brain tissues, which were obtained from severely brain-injured patients as controls during surgery, were used in the present study. The tissue sections were fixed in 4% formalin, embedded in paraffin and were prepared into 5 µm continuous sections. A streptavidin-biotin complex immunohistochemistry method was performed to determine the expression of galectin-9 using the DAB kit (catalog no., ZLI-9018; ZSBIO, Beijing, China), following the manufacturer's protocols, with the rabbit anti-human galectin-9 polyclonal antibody (dilution, 1:500; catalog no., ab183965; Abcam, Cambridge, UK) for immunolabeling. Each tissue section was viewed at a x400 magnification through 10 randomly selected fields of view, and the percentage of positive staining for galectin-9 and the staining intensity was analyzed by Image-Pro ® Plus 6.0 software (Media Cybernetics, Inc., Rockville, MD, USA). The expression levels of galectin-9 were scored based on the staining intensity and distribution using the immunoreactive score (IRS), as follows: IRS = staining intensity (SI) x percentage of positive cells (PP). The SI was determined as follows: Absent, 0; weak, 1; moderate, 2; and strong, 3. The PP was scored as follows: 0%, 0; 0-25%, 1; 25-50%, 2; 50-75%, 3; and 75-100%, 4 (14, 15) .
Flow cytometry. TILs and PBMCs were resuspended with fluorescence-activated cell sorting buffer (PBS with 3% fetal bovine serum; Gibco; Thermo Fisher Scientific Inc.) and blocked with 10% human health serum (Beijing Red Cross Blood Center, Beijing, China) for 20 min at 4˚C, and then stained with fluorescence-conjugated antibodies for 30 min at 4˚C in the dark. Flow cytometry analysis was performed using BD FACSCalibur™ (BD Biosciences). In total, ~10,000 cells were collected, and the data were analyzed using FlowJo software (FlowJo, LLC, Ashland, OR, USA). The fluorescence-conjugated antibodies were as follows: Phycoerythrin (PE)-conjugated human anti-Tim-3 rat IgG2a monoclonal antibody (catalog no., FAB2365P; dilution, 50 µg/ml -1 ; R&D Systems China Co., Ltd., Shanghai, China); PerCp-Cy5.5-conjugated anti-human cluster of differentiation (CD)3 mouse monoclonal antibody (catalog no., 45-0037-42; dilution, 10 µg/ml -1 ; eBioscience, San Diego, CA, USA); allophycocyanin-conjugated anti-human CD8 mouse monoclonal antibody (catalog no., 17-0086-42; dilution, 10 µg/ml -1 ; eBioscience); and PE-conjugated rat IgG2a isotype control antibody (catalog no. IC006P; dilution, 50 µg/ml -1 ; R&D Systems China Co., Ltd.). Statistical analysis. All data was analyzed using GraphPad Prism 5 software (GraphPad Software, Inc., La Jolla, CA, USA). Two-tailed Mann-Whitney U test was used to assess galectin-9 and Tim-3 expression in different glioma tissues and the association between the expression and the WHO glioma grade. Spearman's correlation analysis was used to calculate the correlation between the KPS score and the expression of galectin-9 and Tim-3 on T cells. P<0.05 was considered to indicate a statistically significant difference.
Results
Patient characteristics. In total, 53 glioma patients (30 men and 23 women) that possessed different grades of malignant glioma and were undergoing radical resection were enrolled in the present study. The characteristics of the patients are reported in Table I 
Tim-3 expression is upregulated on CD4 + and CD8 + T cells in the peripheral blood and tumors of glioma patients.
The expression levels of Tim-3 in T cells in tumor tissues and the peripheral blood of glioma patients, as well as in the peripheral blood of the control patients, was explored. TILs and PBMCs were analyzed directly by flow cytometry using the human anti-Tim-3, anti-human CD3 and the anti-human CD8 antibodies. CD4 + T cells were identified as CD3 + /CD8 -cells during flow cytometry analysis. As revealed in Fig. 1A , the expression of Tim-3 was slightly detected on T cells in PBMCs of the control patients, in which the mean ± standard error of the mean (SEM) of the frequencies of (Fig. 1B and C) . Similar observations were made when Tim-3 expression was analyzed as the mean fluorescence intensity (Fig. 1D and E) . No differences were detected between Tim-3 expression on the CD4 + /CD8 + T cells of PBMCs or TILs in male and female patients or different age groups (data not shown). These results demonstrate that Tim-3 expression is upregulated on the T cells of glioma patients; therefore, the glioma microenvironment may be important in regulating Tim-3 expression on T cells.
Tim-3 expression on tumor-infiltrating T cells was associated with clinical pathological characteristics.
Several clinicopathological features have been clinically used as prognostic factors for glioma, including the WHO grade of glioma and the KPS score. The KPS score is a standard method for measuring the ability of cancer patients to perform ordinary tasks, which is used to evaluate the severity of glioma (16) . A lower KPS score indicates increased severity of the disease and a reduced survival time of patients. The WHO grade of glioma (17) and the KPS score have been demonstrated to be associated with the overall survival rate of patients, since patients with high-grade glioma and a KPS score of <80 possess a poorer overall survival rate and a higher risk of mortality compared with those with a low WHO grade and a KPS score of ≥80. To investigate the significance of Tim-3 expression on the T cells of glioma patients, the present study analyzed the association between the expression level of Tim-3 in T cells and the WHO grade of the glioma and KPS score of the glioma patients. Tim-3 expression on the CD4 + and CD8 + T cells of TILs was increased in grade IV gliomas compared with grade II and III gliomas, suggesting that Tim-3 expression on T cells in tumors was significantly associated with the WHO grade of glioma (P<0.0001; Fig. 2A and B) . Fig. 2C and D) . This data indicates that the expression of Tim-3 on TILs was associated with glioma severity. The Tim-3 expression on the CD4 + T cells was slightly increased compared to the expression on the CD8 + T cells of TILs (mean ± SEM, 15.83±1.02% vs. 12.27±0.85%; Fig. 1B and C) ; however, the Tim-3 expression on tumor-infiltrating CD8 + T cells demonstrated an increased correlation with the KPS score compared with tumor-infiltrating CD4 + T cells (Fig. 2B ). This data demonstrates that the expression of Tim-3 on tumor-infiltrating T cells was associated with the prognosis of glioma patients.
Galectin-9 expression in tumors was associated with the WHO grade of glioma and Tim-3 expression on the T cells of TILs.
Galectin-9 is a ligand for Tim-3. The interaction of Tim-3 with galectin-9 induces the apoptosis of Tim-3 + T cells and inhibits T helper cell (Th)-1 responses. To assess the significance of Tim-3 signaling in gliomas, the present study examined the expression of galectin-9 in tumor cells using immunohistochemistry. Galectin-9 was expressed at an extremely low level in non-cancerous brain tissues from control patients, but there was an increased expression in glioma patient tissues. The expression level of galectin-9 in tumor tissues was scored as the IRS based on the intensity and distribution of galectin-9 staining. The IRS of galectin-9 was correlated with the WHO grade of glioma. The expression of galectin-9 in grade IV gliomas was significantly increased compared with grade II-III gliomas ( Fig. 3A and B; P=0.008 vs. P=0.0002, respectively). In addition, galectin-9 expression in glioma tissue was associated with Tim-3 expression on CD4
+ and CD8 + T cells of TILs ( Fig. 3C and D; A B C D P=0.0094, r=0.406 and P=0.001, r=0.502, respectively). This data indicates that the galectin-9/Tim-3 pathway may be critical in the progression of glioma.
Discussion
Tim-3 is a receptor expressed on Th1 cells and CD8 + T cytotoxic type 1 cells (18) . Galectin-9 was identified as a ligand of Tim-3, and is expressed by numerous cells (7) . Galectin-9 expression may be induced by interferon (IFN)-γ from numerous tissue types (19, 20) . When galectin-9 binds to Tim-3 the apoptosis of T cells may be induced (18) and T cell responses may be inhibited (21) . The Tim-3-galectin-9 pathway is considered to be a negative regulator for T cell-mediated immune responses (22) . The present study investigated the expression of Tim-3 and galectin-9 in glioma tissues and identified an association between the expression of Tim-3 and galectin-9 and the malignancy of gliomas.
In general, the glioma environment may remold and immunoedit immune cells that infiltrate the tumor, resulting in the tumor cells escaping from immune surveillance (23) . Several mechanisms of tumor cell immune evasion have been studied. One mechanism is the expression of immune checkpoint molecules on activated T cells infiltrating the tumor, including PD-1, cytotoxic T-lymphocyte-associated protein-4 and Tim-3 (24) . Tim-3 is often co-expressed with PD-1 on exhausted T cells, which are T cells with a decreased ability to express cytotoxic cytokines, including IFN-γ and tumor necrosis factor-α, when they are continuously exposed to antigens (22) . Co-blockade of the two pathways has been demonstrated to be an effective way of reversing the exhaustion of CD8 + T cells (25) . Tim-3 may be highly upregulated on tumor-infiltrated-lymphocytes compared with T cells in the peripheral blood of tumors (26, 27) . In addition, the present study detected a low expression level of Tim-3 on healthy PBMCs, and a low expression of galectin-9 on non-cancerous brain tissues. However, Tim-3 and galectin-9 were expressed at an increased level in TILs and glioma tissues, respectively, and the expression was associated with tumor malignancy. The present study suggests that malignant tumors may create an immunosuppressive environment by increasing the expression of immunosuppressive molecules, including galectin-9, in tumors. When activated T cells infiltrate the tumors, the interaction of Tim-3 on T cells with galectin-9 expressed by tumors induces dysfunction or exhaustion of the tumor-infiltrating T cells.
Tumor progression is a complex process with numerous genes and multiple signaling pathways becoming activated. It is challenging to identify particular molecules that are associated with the severity of the clinical diagnosis and prognosis of glioma. The KPS score is widely used to evaluate the severity of glioma (16) . The present study investigated the correlation between the Tim-3 expression on TILs and the KPS score. The expression of Tim-3 on CD4 + and CD8 + T cells was negatively correlated with the KPS score. This data indicates that Tim-3 may be involved in the progression of glioma.
Glioma is a fatal disease of the nervous system, and there are numerous challenges in treating this disease. Immunotherapy is a promising method for the treatment of malignant tumors (28) . However, the mechanism by which glioma cells escape immunological surveillance is unknown, and therefore it is critical to identify efficient immune methods to treat the disease. The present study systemically investigated the expression of Tim-3 in CD4 + and CD8 + T cells in TILs, the expression of the Tim-3 ligand galectin-9 in glioma tissue, and the association of these two proteins with tumor malignancy and clinical pathological characteristics of patients. The data from the present study suggests that Tim-3-galectin-9 signaling may be a critical pathway in the immunoevasion of glioma cells. A blockade of the Tim-3 pathway may delay the exacerbation of glioma and enhance the KPS score, therefore improving clinical symptoms and prolonging the life of the patient.
